INTRODUCTION
Eddy current nondestructive evaluation (NDE) is well known as an effective technique for detecting fatigue cracks in conducting materials [1] . Along with detection, it is also important to be able to size fatigue cracks. This sizing is difficult because eddy current phenomena do not in general allow a quantitative image to be obtained, rather, a characteristic signal is obtained from a test which is much like a defect fingerprint. Defect sizing is facilitated by calibration procedures, which utilize classification schemes. EDM notches are often used to produce reference signals which are then used in the classification schemes. There is, however, much discussion in the NDE community as to the accuracy of EDM notch reference standards for eddy current fatigue crack calibration [2] [3] . In response to the need for accurate fatigue crack standards to be used for training a classification system for the NASA Space Shuttle main engine heat exchanger unit, a study was carried out comparing eddy current responses to EDM notches and fatigue cracks in stainless steel tubing.
Eddy current NDE is governed by Faraday's law of induction which states that an AC field in the presence of a conductor will induce currents to oppose the field. In eddy current NDE, a low frequency coil (lKHz-IMHz) induces currents in a conducting sample. These currents are disrupted in the presence of a flaw and this disruption causes the impedance of the test coil to change. This impedance change is then used to identify the anomalous source. An eddy current coil can be operated in either absolute mode, where absolute changes of a single test coil are measured; or the differential mode, where the differential impedance of two test coils is measured. In the absence of any anomalies, the differential impedance is in equilibrium and there is no test signal. As the coils are passed over an anomaly, the induced eddy currents are perturbed and the equilibrium state of the system is changed. This is seen as a change in differential impedance. This impedance change is generally plotted in the form of an impedance plane trajectory (IPT) with the real impedance on the horizontal axis and the imaginary impedance on the vertical axis. The IPT acts like a fingerprint of a defect and when carefully analyzed can be used to identify the source of an impedance change [4] . For a reference standard to be used in a calibration procedure or as part of a classification training set, the IPT of the reference standard must accurately represent that of the defect. The purpose of this study is to use eddy current NDE in the differential mode to compare IPTs from fatigue cracks and those from EDM notches. The goal is to determine whether EDM notches can be used as part of a data base to train a neural network for the classification of fatigue cracks. 
EXPERTIMENTALPROCEDURE
The test geometry of the study is shown in Figure 1 . An inner diameter differential probe with operating frequency of 600 KHz is used to inspect 304 stainless steel tubing with an 11.11 mm outer diameter and 0.90 mm wall thickness. The differential coils induce currents which flow circumferentially around the tubing. These currents are disrupted in the presence of a flaw, causing a change in coil impedance which is traced out as an !PT. Fatigue cracks are produced with a Krause fatigue machine in which the sample is rotated and end loaded until fatigue cracks are initiated. The fatigue crack is subsequently grown around the circumference of the tube and eddy current measurements are taken at various growth intervals. During the fatigue process the sample is deformed around the collet region and this deformation strongly distorts the eddy current measurements. EDM notches are prepared using a tan alum cutter approximately 0.125 mm wide. The notches are cut perpendicular to the tube axis with varying length. These notches are inspected in the same manner as the fatigue cracks, and EDM notches and fatigue cracks of the same length are compared to detennine if the EDM notches can be used as a training data base for fatigue crack classification. Figure 2 shows IPTs obtained by passing the differential coil past a growing fatigue crack at various intervals. The size associated with each IPT is related to the length the crack has grown around the circumference of the tube. The IPTs increase in magnitude as the crack is grown around the circumference of the tube, because the larger cracks cause a greater current disruption. A very interesting feature is the absence of any change in phase angle of the !PTs. The next section discusses analysis which indicates that the crack immediately grew through the wall of the tube and then propagated around the circumference. The phase of the IPT seems to correspond to the disruption of currents nearest the inner diameter coil, or the through wall portion of the fatigue crack. Thus, the increase in fatigue crack growth around the circumference of the tube, significantly effects the size of the IPT, but has no effect on the phase. This phenomenon could be useful in determining whether or not the crack has propagated through the wall of a tube. The distortion of the IPTs in Figure 2 is an anomaly resulting from the deformation of the sample due to the securing collets. Figure 3 shows IPTs obtained from EDM notches cut with increasing length around the tube. The IPTs shown in Figure 3 are very similar to those of Figure 2 . There is a slight change in phase angle from the first to the second IPT indicating that the fIrst notch was not yet through the tube wall. Once the notches have penetrated the tube wall, there is no subsequent change in IPT phase angle. This is the same phenomenon observed with the fatigue crack growth. As the EDM notch increases in length, the corresponding IPT increases in size much like the IPTs corresponding to the observed fatigue crack growth. Figure 4a and Figure 4b show comparisons of IPTs from EDM notches and fatigue cracks of equal length. The IPTs are very similar in both size and shape. This similarity is surprising because an EDM notch is much wider than a fatigue crack. The EDM notch has a width of approximately 2S0-300 j.U11, while the fatigue cracks have a width of approximately 20 ~m. In this study, the eddy currents are flowing parallel to the crack and notch openings, so there is much greater current disruption expected from the larger EDM notch than the narrow fatigue crack. An analysis was done to investigate how the size and shape of cracks and notches affects the amount of current disruption from the defects.
RESULTS

ANALYSIS
To analyze these results, a series of SEM micrographs were taken of the fatigue cracks and EDM notches. Figure Sa shows a side view of a fatigue crack at 2000X. Striations normally associated with fatigue damage are seen, indicating the presence of actual fatigue cracks. Although these striations could have some effect on eddy current flow, it is thought that the effect would be negligible compared to that of the crack separation. Figure Sb is a side view at 7SX. The crack front is clearly seen to be perpendicular to the circumference of the tube, propagating around the tube circumference. Analysis of the micrographs has shown that the fatigue crack penetrated through the wall of the tube and then propagated outward around the tube circumference. This through wall crack growth is the reason there is no phase shift seen in the eddy current response to fatigue crack growth. Once the crack has penetrated through the wall of the tube, the disrupted currents are at the deepest possible place and no further phase shift is possible. Microcracking is apparent, beginning on the outer surface of the tube, however, it does not penetrate substantially into the tube wall and is thought to have little influence on the eddy current disruption. Figure Sc is a top view of a fatigue crack at lOOX which shows the crack path to be complex and jagged. The crack itself is only 20 ~m wide and would have only minor disruption of the eddy currents, however, the complex crack path could cause signifIcant current interruption. The crack path is significant because in this test situation the induced eddy current flow is perpendicular to the axis of the tube. If a crack is narrow and perpendicular to the axis, the current disruption is very small. However, in this study, the crack path is jagged which results in much more current interruption, thus, giving a larger response than would be expected. The crack growth path depends on many factors including fatigue load and the age and strength of the metal. Figure 6 shows a top view of an EDM notch. It is much wider than the fatigue crack with a width of approximately 280 ~m, however, it is also much straighter than the fatigue crack. This is signifIcant because the EDM notch, although much wider, because of its straight path, interrupts approximately the same amount of current as the fatigue crack and subsequently gives a very similar IPT. This implies that in this instance an EDM notch could be used effectively as a reference standard for a fatigue cracks, but also suggests that the general use of EDM notches as reference standards for fatigue cracks should be done with extreme caution. If the fatigue cracks had been produced in a manner which would have resulted in a straighter growth path, the EDM notch would probably have given a much larger signal than the fatigue crack. Figure 6d also shows a resolidification region around the face of the EDM notch. A numerical study was done investigating the effects of this region on eddy current response. It was found that the resolidifIcation region had little effect on the eddy current response to the EDM notches produced for this study. However, if the EDM notches were narrower, the effect from material removal would be diminished and the resolidifIcation effects would be more noticeable, and should be taken into account. 
CONCLUSIONS
The results presented in this paper show that in certain instances EDM notches and fatigue cracks give similar eddy current responses. However, it appears that in general EDM notches are not accurate eddy current reference standards for fatigue cracks. In this study, the fatigue crack path and orientation were such that a narrow crack gave approximately the same signal as a much wider EDM notch. However, this was intimately related to the shape of the fatigue crack path. If the crack had grown differently, the EDM notch would have been an inaccurate reference standard. A safer, more accurate method of generating reference signals for calibration procedures would be with the use of a numerical model. A method has been developed by the authors [5] which is able to model a very fine crack without the need for a dense, computer intensive mesh. This would have the ability to represent a crack regardless of the crack path and could conceivably be used for complex crack situations such as intergranular stress corrosion cracking.
